There are two well-known phenomena associated with the bainite reaction, both of which have been exploited here to enhance the mechanical behaviour of steel. Firstly, the bainite plate size decreases as the transformation temperature is reduced. Secondly, it is bad to have large regions of untransformed austenite in the microstructure; this is because they can transform, under the influence of external stress, into corresponding large regions of untempered, brittle martensite.
Introduction
Bainite is expected to form below the T 0 ' temperature when: ΔG γ→α < -G SB and ΔG m < G N (1) where G SB (≅ 400 J mol -1 ) is the stored energy of bainite (α b ) [1] ; ΔG γ→α is the free energy change accompanying the transformation of austenite (γ) without any change in chemical composition; ΔG m is the maximum molar Gibbs free energy change accompanying the nucleation of bainite [2] . The first condition describes the limits to growth; the second refers to nucleation. Recently, a new high strength, carbide-free bainitic steel has been developed using this theory [3] [4] [5] . This silicon-rich steel contains only bainitic ferrite and carbon-enriched retained austenite. The bainite plate size, which is determined by the transformation temperature, strongly affects the hardness [2] . Large regions of untransformed austenite in the microstructure can be detrimental to toughness because they are prone to transform into brittle, untempered martensite under the influence of an external stress [6, 7] . The reason for the existence of these large regions of untransformed austenite is the T 0 ' curve, which limits the amount of bainite that can be obtained at any temperature, even though equilibrium is not reached. According to this incomplete-reaction phenomenon [2] , when isothermal transformation stops, it can be induced to continue if the temperature is reduced. Therefore, it should be possible using a heat-treatment in which two isothermal transformation temperatures are used, to reduce the blocky austenite and obtain better toughness. Two-stage heat treatments like this have been previously reported [8] . The purpose here was to study the consequences on mechanical properties.
Materials and experimental procedure
The chemical composition of the steel used is listed in Fig. 1 . For larger specimens suitable for ambient temperature mechanical testing, the same heat treatment was implemented using electric furnaces with the samples protected in an Ar atmosphere. X-ray analysis was used to determine the phase fractions [9, 10] . Cylindrical tensile specimens 5 mm diameter with a gauge length of 25 mm were tested with a crosshead speed of 0.1 mm min -1 . Plane strain fracture toughness (K 1C ) tests were done on standard samples with B = 13 mm and W = 26 mm [11] .
Results and Discussion

Kinetics
Fig . 2 shows the change in radial strain as bainite forms during the isothermal treatment. The transformation at each temperature was allowed to terminate before changing the temperature. The maximum extent of isothermal transformation in a single-stage treatment clearly increases with the undercooling below the bainite-start temperature B S (Fig. 2a) . The two-stage treatment involved reaction at 350 °C followed by further isothermal transformation at 250 °C (Fig. 2b) .
Transformed microstructure
Fig . 3 shows the scanning electron micrographs following the two kinds of heat treatment. The microstructure becomes more refined as the transformation temperature is reduced when dealing with a single-stage heat treatment [11] . Both the size and the amount of blocky austenite decreased as the isothermal temperature was reduced. On the other hand, a bimodal size-distribution of bainite plates is observed in the 2-stage samples, as previously reported [12] . The size of the thick plates and thin plates correspond to those obtained in the 350 °C and 250 °C single-stage treatments, respectively. The major observation is that the two-stage treatment reduced the amount of blocky austenite when compared with the single-stage treatment. In figures 3d-f, the region marked (A) contains the thick plates generated at 350 °C and (B) is the region without thick bainite plates. In Fig. 3e , a low number-density of thin plates (arrowed) is observed within the film-like retained austenite left untransformed at 350 °C. On the other hand, large numbers of fine bainite plates are observed in Fig. 3f , in regions which represented blocks of austenite following the 350 °C treatment. This is because the thin regions of austenite are known to contain more carbon than the blocks [13] [14] [15] [16] ; a higher carbon content in the austenite would lead to a smaller fraction of finer bainite during the 250 °C treatment, as is observed. The non-uniform distribution of carbon results from the trapping of some regions of austenite [2] . Fig. 4 shows the stress-strain curves of the heat-treated samples. For the single-stage samples, the ultimate tensile strength (UTS) increases with decreasing the transformation temperature, as expected from the microstructural refinement and larger fraction of bainitic ferrite associated with lower reaction temperatures. More interesting is the fact that a greater ductility is observed in the two-stage treated sample, which contain less blocky austenite.
Mechanical properties
It is well known that the mechanical stability of retained austenite influences uniform elongation [16] . Austenite which transforms at a late stage in the deformation process is better able to compensate for the critical damage which occurs at large strains. In the present context, a sample with more stable austenite should show better ductility and toughness. Fig. 5 shows the change in retained austenite as a function of tensile strain during the uniform stage of deformation. Fig.6 shows the K 1C test data as a function of tensile strength. It is evident that the two-stage sample exhibits the best combination of strength and fracture toughness. Finally, it seems that the two-stage treatment results in more stable austenite because the larger regions of austenite left untransformed at 350 °C are partitioned (geometrically divided) by the formation of many different crystallographic variants of bainite during the 250 °C treatment; simply lowering the transformation temperature to eliminate blocky austenite does not promote the formation of different variants of bainite, leaving a less divided austenite. In other words, it is important in subdividing the blocky austenite to do this using many orientations of bainite. Notice that although the total austenite content is greater in the 2-stage treatment when compared with the single 250 °C case, it is the refinement of the blocky austenite in the former case that leads to the optimum combination of properties. There remain some fine blocks of austenite in the 2-stage heat treatment -further work needs to be done to discover ways of further reducing their quantitiy.
Conclusions
The use of a two-stage isothermal heat treatment to generate a microstructure consisting of bainitic ferrite and retained austenite has been found beneficial to the mechanical properties of a particularly strong steel. An incredible ductility of 40 % of total elongation and a toughness of 63 MPa m -1/2 at an ultimate tensile strength of 1.5 GPa have been achieved, more than was possible with microstructure generated using a single isothermal heat treatment. The double isothermal treatment leads to a bimodal distribution of bainite plate size and a geometrical division of residual austenite in such a manner that the mechanical stability of the austenite is improved, thereby enabling it to compensate for critical damage expected during the late stages of deformation in a tensile test. Table 1 Chemical composition of steel examined (mass%) Fig. 1 The form of the heat treatment 
